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With advances in analytical techniques such as multidimensional nuclear magnetic resonance, 3, 4 hydrogenÀdeuterium exchange, 5 small-angle X-ray scattering, 6, 7 fluorescence, 8 single molecule spectroscopy, 9 and time-resolved visible photon echo spectroscopy, 10 light has been shed on the characteristics of the unfolded state. Although it was once thought that when a protein denatures it becomes a random coil, 11 data using these new techniques, and theories developed along with them, have shown that in many cases proteins retain residual secondary and tertiary structure even under severely denaturing conditions. 1, 7, 12 Furthermore, studies have shown that mutations as well as varying denaturing conditions influence the nature of unfolded proteins. Because of its inherent heterogeneity, the ensemble of protein structures that exist in the unfolded state are described in terms of statistics. 13 The concept and language of energy landscapes, the notion that the protein can assume a large number of nearly isoenergetic conformations around local energy minima, are useful for describing the unfolded states and their dynamics.
The replacement of the axial methionine M61 by alanine allows the ligation of carbon monoxide (CO) to the heme-center iron. 20, 21 The CO serves as the vibrational reporter in the infrared (IR) studies described here. Ht-M61A cyt c is very well suited for thermal unfolding experiments as it shows remarkable stability and reversibility under severe thermal denaturing conditions.
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Also important is the fact that the prosthetic heme group, the site of the protein's functional activities and the location of the vibrational probe, is covalently bound to the protein via two thioether linkages ( Figure 1 ). This ensures that the heme containing the vibrational probe does not dissociate from the protein upon denaturation. The stretching mode of the CO probe has been used in numerous IR studies in various heme proteins such as myoglobin, hemoglobin, horseradish peroxidase, and cytochrome P450, due to its exquisite sensitivity to the local environment and the strong vibrational signal it produces in a spectroscopic region in aqueous solution that has a relatively low water background absorption. 26 In this paper, we describe experiments that examine the native protein and its unfolded states under equilibrium conditions at various temperatures using IR experiments. Time-independent linear IR absorption, as well as time-dependent ultrafast twodimensional infrared (2D IR) vibrational echo spectroscopy, were employed to investigate the steady-state and ultrafast time scale behavior of the protein under increasingly severe thermal denaturing conditions. These IR methods have been established as sensitive tools for probing fast protein dynamics on time scales that are inaccessible by other techniques. 27, 28 Previous studies using 2D IR vibrational echoes on heme proteins investigated the dynamics of native proteins, 28À30 enzymeÀsub-strate interactions, 31, 32 dynamic changes associated with various mutations, 33, 34 switching between protein substates, 35 and chemical denaturation. 21 The CO absorption spectrum of the native protein shows a single peak at room temperature. At the onset temperature for unfolding, a new band at lower frequency appears and grows in as the temperature is further increased. As the unfolded band grows in, the native band decreases in amplitude. The ratio, R A (T), area of the unfolded band divided by the sum of the areas of the native and unfolded bands plotted against temperature has an S shape that closely resembles the temperature dependent plot of the circular dichroism (CD) data. Both the IR area and the CD data can be fit to the standard two-state thermodynamic model. 36 However, the unfolded IR absorption band provides additional information. As the temperature is increased, the unfolded line width increases and the peak position shifts to lower frequency, but there are no changes in the width or position of the native band. The increase in line width of the unfolded peak is caused by increased inhomogeneous broadening as verified by the 2D IR spectroscopy. The increase in inhomogeneous line width demonstrates that the number of protein conformational structures grows as the temperature is elevated. This behavior is clearly not simple two-state unfolding.
2D IR vibrational echo spectroscopy measures spectral diffusion, that is, the time-dependent changes in the frequencies of the IR chromophores, which manifests as time-dependent changes in the shape of the 2D IR spectrum. Spectral diffusion is directly related to the time dependence of protein structural changes. These line shape changes are directly related to the frequencyfrequency correlation function (FFCF), which yields information about the rate at which the protein samples different structural configurations. The FFCF separates the ultrafast dynamics into three regimes: motionally narrowed homogeneous dynamics, intermediate structural evolution (0.3 to ∼100 ps), and structural changes that are so slow that they are outside of the experimental time window (>100 ps). It was found that the homogeneous component is sensitive only to the temperature change and is independent of whether the protein is folded or unfolded. The longer time scale dynamics show distinct trends for the native versus unfolded configurations. The unfolded protein displays dynamics that become increasingly fast as the temperature increases. In contrast, the dynamics of the native state show no changes with temperature. Like the increase in the inhomogeneous line width of the unfolded absorption band, the increase in the rate of structural dynamics as the temperature increases demonstrates that the unfolded protein undergoes a continuous unfolding process. These findings are consistent with the concept of variable denatured states, which have been described theoretically and investigated experimentally. 1, 37, 38 The observed temperature dependence of the unfolded protein dynamics is not consistent with a simple two-state model.
II. METHODS
A. Sample Preparation. Ht-M61A cyt c 552 was expressed in E. coli following procedures that have been described previously. 39 2 mg of protein was dissolved in 3 M guanidine hydrochloride (GuHCl), 100 mM sodium phosphate (pD 7) in deuterium oxide (D 2 O) to obtain a protein concentration of approximately 10 mM. GuHCl is necessary to prevent aggregation of the sample at higher temperatures and to give a fully denatured protein in the accessible temperature range. To ligate CO to the protein heme, 5 equiv of sodium dithionite were added to the protein solution to reduce the iron from Fe(III) to Fe(II), and the solution was stirred in a CO atmosphere for 20 min. The solution was left in the CO atmosphere for another 20 min to ensure the completion of the CO ligation. 30 μL of the sample was then pipetted onto a 3 mm thick calcium fluoride (CaF 2 ) window, and sandwiched by another window with a 50 μm thick Teflon spacer in between in a custom-built Figure 1 . The crystal structure of wild-type cytochrome c 552 from Hydrogenobacter thermophilus (PDB 1YNR). The sulfur atom of Met61 occupies the sixth coordination site of the heme iron in the wild type. In the experiments, a Met61Ala mutation allowed the coordination of carbon monoxide in its place. The heme is covalently bound to the protein by two thioether linkages, tethering the vibrational probe to the protein even when it is unfolded.
Journal of the American Chemical Society ARTICLE copper sample cell. The optical density of the CO stretching band at 1973 cm À1 was approximately 0.07. Detailed tests were performed to demonstrate that aggregation of the protein did not occur at the experimental sample concentration of 10 mM over the full range of temperatures studied. The temperaturedependent IR absorption spectrum of the amide I band of the sample was monitored at 10 mM and at a lower concentration, 3 mM. The two samples were prepared identically as described above. Because of the strong amide I absorption, a sample path length of 6 μm was used. The aggregation of cyt c is known to cause peaks to grow at 1616 and 1685 cm À1 due to the formation of intermolecular β-sheets. 40, 41 No such peaks were detected in either the 3 or 10 mM samples over the full temperature range. Furthermore, there was no detectable difference between the small temperature-dependent spectral changes of the two samples. Therefore, protein aggregation does not occur. The temperature dependent spectra are shown in the Supporting Information.
B. Infrared Absorption and Circular Dichroism Experiments. For the temperature-dependent FT-IR and 2D IR experiments, a programmable resistive heater and silicon diode temperature sensor (Lakeshore D470) attached to the copper sample cell were used to control the temperature of the sample. To ensure the minimal thermal gradient across the sample, thermally conductive washers were placed between the cell and the calcium fluoride windows, which are also excellent heat conductors. The temperature of the sample reached equilibrium at a set point with fluctuations less than 0.2°C. A series of FT-IR spectra were taken with Bruker Vertex 70 FT-IR spectrometer from 4 to 80°C in 4°C increments with 1 cm À1 resolution. Prior to analysis, each spectrum was background-subtracted by fitting the solvent baseline. The resulting spectra usually showed a gentle sloping background due to the minute differences in water spectra. These backgrounds were removed with cubic spline fits. At the end of each experiment, the sample was brought down to room temperature and FT-IR spectra were taken that confirmed the reversibility of thermal unfolding.
Temperature-dependent CD measurements required a careful sample preparation. Because sodium dithionite absorbs strongly at 222 nm resulting in saturation of the signal, dithiothreitol (DTT) was used as the reducing agent instead. To avoid the oxidation of cyt c during experiment, the solvent was degassed in inert gas to remove oxygen and CObound cyt c (20 μM in 100 mM sodium phosphate, pD 7.0, 3.0 M GuHCl) was prepared in a wet glovebox. The sample was loaded into a gastight 2-mm path length quartz cell. UVÀvis spectra of the CO-bound heme absorption were checked before and after the experiment to make sure no oxidation had occurred. The CD (Jasco J810) signal at 222 nm was recorded at every 5°C from 25 to 80°C.
C. Two Dimensional Infrared (2D IR) Vibrational Echo Spectroscopy. The experimental methods for heterodyned 2D IR spectroscopy are described in full detail elsewhere. 27, 42, 43 The output of a Ti:Sapphire oscillator is regeneratively amplified in a Ti:Sapphire regenerative amplifier. The resulting 1 kHz, 800 nm, 100 fs pulses are subsequently converted into mid-infrared pulses in an optical parametric amplifier. This conversion process produces 120 fs, 5 μJ pulses at a 1 kHz repetition rate at the experimental wavelength of ∼1960 cm À1 . The bandwidth of the pulse is sufficiently broad, ∼120 cm À1 , to cover the 0À1 vibrational transitions of the native and unfolded bands as well as their 1À2 transitions. Briefly, the 2D IR vibrational echo experiments involve application of three mid-IR light pulses with wave vectors k 1 , k 2 , and k 3 to the sample in a boxcar geometry, with the times between the first and second pulse and the second and third pulse referred to as τ and T w , respectively. 42 At a time e τ after the third pulse, a vibrational echo is emitted by the sample in the phase-matching (Àk 1 þ k 2 þ k 3 ) direction. The vibrational echo pulse is overlapped with another IR pulse, called the local oscillator, which provides a phase reference for the vibrational echo signal. The combined vibrational echo/local oscillator pulse is passed through a monochromator onto an IR array detector, which records a spectrum that yields the ω m frequency axis (vertical axis), the axis of vibrational echo emission. Scanning τ produces an interferogram at each ω m . These interferograms are Fourier transformed to produce the second, ω τ axis (horizontal axis), of the 2D IR spectrum.
In the experiments, τ is scanned for fixed T w (time between pulses 2 and 3) to produce a 2D IR spectrum. T w is then changed, and τ is again scanned to produce another 2D IR spectrum. The change in the spectra with T w provides the dynamical information about the system.
III. RESULTS
A. Time-Independent Spectroscopy. A series of FT-IR spectra of the stretching mode of CO bound to cyt c in 3 M GuHCl were taken between 4 and 85°C. Figure 2 displays FT-IR spectra at three temperatures. In the lower temperature range (4 to 30°C), the spectrum is a single Gaussian band at 1973 cm À1 with a full width at half-maximum (fwhm) of 15 cm À1 . This is the spectrum of CO when the protein is known to have the native structure, 3 ,21 so we designate this band the Figure 2 . FT-IR spectra of CO-bound cyt c Ht-M61A at 25°C (native protein), at 57°C (overlapping bands of the native and unfolded protein), and 87°C (unfolded protein) in 3 M GuHCl, 100 mM sodium phosphate, D 2 O, pD 7. The black curves are the data. The dashed red curves are Gaussian fits to the data. In the middle panel, the spectrum was fit to the sum of two Gaussian bands. The blue (native) and green (unfolded) curves are the two Gaussians that result from the fit.
"native band." When the temperature is raised further, another Gaussian band appears at a lower frequency. As cyt c is known to be unfolded at higher temperatures, 44 the lower frequency band is assigned as the spectrum of CO when cyt c is no longer in the native configuration but has assumed an unfolded conformation. This band is referred to as the "unfolded band," although as discussed below, this band changes as the temperature is increased. The middle panel of Figure 2 shows the spectrum when both the native and unfolded bands are present. The native (blue) and unfolded (green) curves are the two Gaussians that comprise the fit. The bottom panel of Figure 2 shows the high temperature spectrum, where the native band has been reduced to essentially zero amplitude and the single band is the spectrum of the unfolded protein. Figure 3 shows the progression of the change in the spectrum with temperature. At 25°C, the spectrum is the single Gaussian native band. At 47°C, a shoulder appears on the low frequency side of the predominately native band. By 57°C, there is significant amplitude in the unfolded band as evidenced by the large tail to lower frequency. At 67°C, the spectrum is dominated by the unfolded band with a high frequency shoulder due to the remaining native band. At 77°C, the spectrum is essentially composed only of the unfolded band centered at 1958 cm À1 with fwhm of 32 cm À1 . The ratio R A (T) of the population of the unfolded state to the sum of the populations of the native and unfolded states at each temperature can be obtained from the temperature dependence of the areas of the IR absorption two bands.
where A uf is the area of the unfolded band, and A n is the area of the native band. As displayed in Figure 3 , as the temperature is increased, A uf increases and A n decreases. At low temperature the ratio is 0 and at high temperature it is 1. It was found that sum of the areas, A n (T)þA uf (T), is constant over the full temperature range within experimental error, demonstrating that the oscillator strength is conserved, and the ratio is the true ratio of the unfolded population to the total population. When R A (T) = 0.5, the populations of the native and unfolded ensembles are equal. Figure 4 displays the R A (T) data and temperature dependent CD data. The CD data has been normalized for comparison to the R A (T) data. The two curves are almost the same. The transition temperatures (T m ) are 56 ( 2°C and 60 ( 4°C for R A and CD, respectively. (The difference in the two curves might be caused by a small systematic error. The volume of the sample used for the vibrational spectra measurements is very small. A slight loss of water during the sample preparation would increase the GuHCl concentration, moving the R A curve to lower temperature.)
The results displayed in Figure 4 are important for a number of reasons. The similarity between the CD data and the area ratio data shows that the IR absorption spectrum is sensitive to the protein unfolding in essentially the same manner as CD. It is assumed, in interpreting a CD curve such as the one shown in Figure 4 , that the midpoint of the change corresponds to the point at which the native and unfolded protein ensembles are equally populated. The area ratio data gives an absolute measure of the populations.
The S-shaped curve ( Figure 4 ) and the presence of an isosbestic point (Figure 3 ) are signatures of a cooperative 2-state transition. 36, 45, 46 However, this does not necessarily indicate a well-defined transition over a single free energy barrier, as many different types of more complicated transitions may show sigmoidal transition profiles that are indistinguishable without additional thermodynamic measurements. 1 The CO stretching mode spectrum of the protein in the native state is a Gaussian band with peak frequency of 1973 cm À1 and fwhm of 15 cm À1 . As shown in Figures 5A and C, when the temperature is raised, neither the center frequency nor the width changes; only the native band's amplitude decreases as the population in the native state moves to the unfolded state. The inhomogeneously broadened native band reflects a large distribution of structures that give rise to a range of CO stretching frequencies. The lack of a temperature dependence of the native absorption band and the results of the 2D IR studies discussed below demonstrate that native cyt c does not undergo structural changes as the temperature is increased. Its secondary and tertiary structures are maintained and the distribution of structures that give rise to the inhomogeneous absorption line is either unchanged or changes very little as long as the protein does not unfold. The lack of temperature dependence is consistent with the idea that the distribution of native protein conformations occurs on an energy landscape that is relatively narrow around a deep local minimum. An increase in temperature does not enable the protein to access significantly different conformations of the folded protein.
The unfolded band displays a fundamentally different temperature-dependent behavior. The unfolded band can first be observed at 37°C, at which temperature it has become large enough to be discernible at a lower frequency than the much larger native band. At this temperature, the unfolded band is centered at ∼1961 cm À1 and has a 22 cm À1 fwhm. In contrast to the native band, both the line width and line center of the unfolded band are temperature dependent. As the temperature is increased, the unfolded band broadens and shifts to lower frequency; at 77°C, the band is located at 1958 cm À1 and has a fwhm of 32 cm À1 . The temperature dependence of the unfolded band line width is shown in Figure 5B and its center frequency is shown in Figure 5D . The change in the unfolded line width with increasing temperature is substantial. Comparing the native and unfolded forms at the lowest temperature where the unfolded line width can be measured, the difference in width is 7 cm À1 . As the temperature is increased, the unfolded line broadens another 10 cm À1 . Thus the increase in line width of the unfolded state with increasing temperature is greater than the initial increase in going from native to unfolded. The change in the center frequency is not as great, but clearly discernible.
The increase in the line width and the shift in the center frequency with increasing temperature demonstrate that unfolding is not a strict two-state process. The fact that the inhomogeneous line width of the unfolded band increases demonstrates that the number of conformations that are thermally accessible is increasing as the temperature increases. The average structure and distribution of structures are dependent on unfolding conditions (temperature), resulting in the band's red shift and line broadening. The line broadening and frequency shift also imply that the lower temperature unfolded states are not the random coils but have structures that change with increasing temperature. It is known that cyt c can adopt fairly compact conformations, smaller than expected for random coils under thermally denaturing conditions. 1, 37 Thus, at a given temperature the unfolded state of cyt c consists of an ensemble of many protein conformations with a certain average structure and variance from the average. When the temperature is increased, the variance increases as shown by the increase in the inhomogeneous line width. The average structure also changes, which results in the band's red shift.
The CD data and the FT-IR area ratio data shown in Figure 3 suggest that both techniques report on the same particular change in structure that we will refer to as the primary unfolding event. The near coincidence of the transitions indicates that the growth of the unfolded band in the IR spectrum is associated with the same change in cyt c that leads to loss of helical structure. The IR spectra also provide information that cannot be obtained from the CD curve. The native and unfolded states manifest themselves as distinct peaks in the IR spectrum, and the unfolding can be monitored by the transfer of area between the two bands. Unlike the CD spectra, the IR spectra enable this scenario to be differentiated from another possibility that the protein changes in a continuous manner from native to unfolded. Had this occurred, Figure 5 . Temperature dependence of the line width of (A) the native peak and (B) the unfolded peak of the protein CO spectrum. The increase in width of the unfolded spectra with increasing temperature is caused by an increase in the inhomogeneous contribution, which results from an increase in the number of protein structures. The change in width with temperature demonstrates that the temperature dependent unfolding is not a two state process. Temperature dependence of the center frequency for the (C) native and (D) unfolded peaks, respectively. As with the fwhm, the native peak frequency shows little change, but the unfolded peak displays a discernible dependence on temperature. The error bars are from the errors in fitting the spectra at each temperature. Because there is only a small population of the native protein (blue points) at higher temperatures, the error bars are larger. Conversely, data for the unfolded protein (red points) have larger error bars at lower temperatures.
the native band might continuously shift to the red and broaden as temperature is increased. This behavior would suggest continuous small changes in structure that influence the CO absorption frequency. The fact that a new, distinct band grows in indicates that the primary unfolding event is associated with significant structural changes that expose the CO to an environment dramatically different from the native state, leading to the abrupt change in the frequency of the CO absorption.
Extensive point mutation and other studies have shown that the interaction of heme iron-bound CO with a polar group shifts the center frequency of CO to lower frequency. 26, 47 Consider myoglobin-CO (MbCO) which has three distinct CO absorption bands called A 0 , A 1 , and A 3 . 48 These bands have frequencies of 1965, 1944, and 1939 cm À1 , respectively, for bovine heart MbCO. The difference in the frequencies is determined by the conformation of the imidazole side group of the distal histidine (H64). The A 0 band has the imidazole swung out of the pocket, 28 whereas both A 1 and A 3 have the imidazole in the pocket. A 1 has the imidazole protonated epsilon nitrogen (N ε H) pointed away from the CO, while A 3 has the N ε H point more toward the CO. 28, 29 The three bands are caused by well-defined structural differences that have a strong influence on the CO. The A 0 band, which has the highest frequency, does not have the imidazole in the pocket, so there is no interaction between the CO and the N ε H. The A 1 band is shifted to lower frequency by the interaction between the N ε H and the CO, and the A 3 band is shifted even further to the red by a stronger interaction CO-N ε H interaction. The broad distribution of protein structures gives rise to the inhomogeneous broadening of each band, but it is a specific interaction that produces distinct bands. A shift in the CO absorption frequency through direct interaction with the CO is also known to occur for Ht-M61A. The mutation in which Gln64 is replaced with Asn (Q64N) induces CO to interact with the polar side group of Asn, resulting in a 9 cm À1 frequency shift to the red. 20 In analogy with the three bands of MbCO, it seems reasonable to view the 12 cm À1 red-shift of the unfolded band relative to the native band as being caused by the primary unfolding event that produces a structural change that has direct impact on the CO. It is also reasonable to postulate that such a change is caused by CO being exposed to a polar group of an amino acid or possibly water. The significant increase in inhomogeneous broadening of the unfolded line relative to the native band indicates a considerable increase in the number of protein conformations. The redshift and broadening of the CO band bound to cyt c has been observed previously via chemical denaturation. 21 B. 2D IR Vibrational Echo Spectroscopy. The theory, analysis, and interpretation of 2D IR vibrational echo spectroscopy are described in full detail elsewhere. 42, 49 The interpretation of a 2D IR spectrum will be described here briefly. The vibrational echo signals are recorded by scanning τ at fixed T w to produce a 2D IR spectrum, as described in Section II.C. T w is then increased, and another spectrum is taken. The changes in the peak shapes with increasing T w are directly related to the structural evolution of the protein as sensed by the CO. The first and second pulses label the initial frequencies of the CO vibrations, which have a range of frequencies because the ensemble of proteins is composed of a range of structures. Between the second and third pulses, structural evolution causes the initially labeled frequencies to change, a phenomenon known as spectral diffusion. The third pulse ends the evolution period, and the vibrational echo signal reads out the final frequencies of the initially frequency-labeled CO vibrations. As T w increases, there is more time for structural evolution to occur, so there are larger frequency changes. Figure 6 shows 2D IR vibrational echo spectra collected at three T w 's and two temperatures. The upper panels show 2D IR spectra for the protein in its native structure (25°C), and the bottom panels show 2D IR spectra for the unfolded protein (82°C). In each spectrum there are two dominant bands, positive and negative. The positive band (red) arises from the ground to first excited state (0À1) vibrational transition of the CO stretching mode, and the off-diagonal and negative (blue) band arises from vibrational echo emission at the first to second excited state transition frequency (1À2). 50À52 The negative offdiagonal bands are shifted to lower frequency along the ω m axis Figure 6 . 2D IR vibrational echo spectra at three waiting times, T w . The top panels are spectra from the native protein at 25°C. The bottom panels are spectra from the unfolded protein at 82°C. The change in shape of the spectra with increasing T w provides dynamical information.
by the anharmonicity of the vibrational potential. Since the 0À1 and 1À2 bands provide the same information, only the 0À1 band was analyzed. In the first upper panel there are also two small bands, one on the diagonal at (ω τ = 1948 cm À1 , ω m = 1948 cm À1 ) that is positive, and one off-diagonal at (1948 cm À1 , 1972 cm À1 ) that is negative. These arise from fifth order interactions, and do not influence the interpretation of the diagonal 0À1 bands. 53 At short T w (0.5 ps), the bands in the 2D IR spectra show a strong elongation along the diagonal, a signature of inhomogeneous broadening. At short T w , there are many structural configurations of the protein that have not yet been sampled by structural evolution. As time increases, structural evolution causes spectral diffusion, resulting in the change in shape of the 2D spectrum. The longest time for the measurements is limited by the vibrational lifetime of the CO stretching mode. In these experiments data could be collected to a maximum of 80 ps. The spectrum is sensitive to structural fluctuations that occur on a time scale up to a few times the longest T w measured because some portion of slower fluctuations will occur in the experimental window if their time scale is not too slow. 54 Looking at Figure 6 , it is clear that at each T w the spectrum of the native protein is very different from that of the unfolded protein.
The frequency-frequency correlation function (FFCF) connects the T w dependent changes in the 2D band shapes caused by spectral diffusion to the time dependence of the structural changes of the proteins. The center line slope (CLS) method is used here to determine the FFCF from 2D and linear spectra. 49, 55 This method provides an accurate way to extract the FFCF and also provides a useful quantity to plot for visualizing differences in the protein dynamics for different protein conformational states. 49, 55 At a particular ω τ , a slice through the 2D spectrum, projected onto the ω m axis, is a onedimensional spectrum with a peak at a particular ω m value. Many such slices taken over a range of ω τ values produce a set of peak frequency points. Connecting the resulting points yields the center line. In the absence of a homogeneous contribution, at T w = 0, the 2D line shape is a line along the diagonal and the slope of the center line would be 1. At sufficiently long time, when spectral diffusion has sampled all frequencies, the 2D band is symmetric; the center line is horizontal with the slope of zero. It has been shown theoretically that the T w -dependent part of the normalized FFCF is directly related to the T w dependence of the slope of the center line. 49, 55 Thus the slope of the center line, the CLS, will vary between a maximum of 1 at T w = 0 and 0 in the limit of long waiting time. The T w = 0 slope will only be unity if there is no homogeneous contribution to the spectrum. The homogeneous contribution to the line shapes in the linear absorption and 2D spectra mainly comes from the motionally narrowed component produced by very fast structural fluctuations, 27,56,57 such that Δτ < 1, where τ and Δ are the time constant and range (amplitude) of the frequency fluctuations. Other homogeneous contributions arise either from vibrational lifetime T 1 , which is measured independently by IR pumpÀ probe experiments, or from orientational relaxation, which can be neglected due to the large size, and therefore, very slow orientational relaxation of the protein. The homogeneous component of the spectrum causes the initial value of the slope to be less than 1 at T w = 0. The difference from 1 at T w = 0 combined with the T w dependent CLS and the linear absorption spectrum yields the full FFCF, including the T w independent homogeneous component. 49, 55 The multiple time scale dynamics were modeled by a multiexponential form of the FFCF, C(t).
The Δ i and τ i terms are amplitudes and correlation times, respectively, of the vibrational frequency fluctuations induced by protein structural dynamics. For the ith dynamical process, Δ i is the range of CO frequencies sampled due to protein structural fluctuations, and τ i is the time constant of these fluctuations. This form of the FFCF has been widely used and in particular found applicable in studies of the structural dynamics of heme-CO proteins. 21, 27, 28, 30, 31, 33, 34, 58, 59 Very slow structural fluctuations on time scales longer than the experimental time window are contained in the static term Δ s 2 in the FFCF. However for a motionally narrowed term with Δ i τ i < 1, these quantities cannot be evaluated separately; only the product Δ 2 τ = 1/T 2 *, can be determined, where T 2 * is the pure dephasing time. The homogeneous dephasing, which is determined from the analysis of the 2D IR spectra has a contribution from the vibrational lifetime, T 1 , and the pure dephasing, T 2 *. The pure dephasing time is obtained by using 1/T 2 = 1/T 2 * þ 1/2T 1 . T 1 is obtained from IR pumpÀprobe experiments. The contribution to T 2 from the lifetime, ∼0.25 cm
À1
, is negligible at all but the lowest temperatures. The pure dephasing line width is Γ = 1/πT 2 * = Δ 2 τ. In the data analysis presented below, the FFCF contains three terms, a homogeneous dephasing term given as Γ, a single exponential decay term Δ are the standard deviations of Gaussian contributions to the absorption line. The total Gaussian component is the convolution of the two Gaussian which has a standard deviation (Δ 1 2 þ Δ s 2 ) 1/2 . The total line shape is Voigt given by the convolution of a Lorentzian with width Γ and the total Gaussian component.
The full procedure for calculating the FFCF from CLS and linear spectrum is discussed in detail elsewhere. 49, 55 Briefly, the time constants obtained from the exponential fits of CLS give the τ 1 directly as well as Δ s . The CLS analysis also provides a lower bound on Δ 1 , which is at most 15% low. Γ and Δ 1 are obtained by simultaneously fitting the linear absorption spectrum and the CLS using the linear and third order response functions. The method has been shown to be robust. For example, the CLS determined FFCF is insensitive to the pulse duration, sloping background absorption, and other factors that can distort the 2D spectra. Figure 7 displays some of the CLS data. The points are the center line slopes at several temperatures, and the curves are fits to the data with an exponential decay plus an offset. The upper panel contains data taken on the native band, and the lower panel contains data for the unfolded band. The temperature ranges for the native and unfolded data are limited by the difficulty in separating out the CLS for the two bands at temperatures where the bands obscure one another.
As discussed further below, the native 2D data show only a change in the homogeneous component of the dynamic line shape with temperature. This change is manifested by an increasingly large difference from 1 at T w = 0. The T w dependent portions of the curves are essentially unchanged with temperature. The unfolded 2D spectra also show a change in the homogeneous component of the FFCF with changing temperature. In addition, the shapes of the CLS decay curves are quite different from those obtained from the native 2D spectra, and the unfolded CLS decay curves change shape with temperature. Figure 8 displays the components of the FFCF obtained from the CLS analysis as a function of temperature. The blue data points are for the native protein, and the red data points are for the unfolded protein. The upper left panel of Figure 8 shows the pure dephasing linewidths vs temperature. This motionally narrowed contribution to the absorption line shape is produced by extremely fast structural fluctuations.
27,56,57 Such structural fluctuations will arise from the motions of small groups on the protein as well as the surrounding water. As the temperature is increased, the pure dephasing line width Γ increases linearly. Since Γ = Δ 2 τ and one would expect τ to become shorter as temperature increases, one way to obtain the observed linear dependence on temperature is for τ to decrease linearly with temperature while Δ increases linearly with temperature. The important aspect of the Γ vs temperature plot is that the native and unfolded data points fall on the same line. The implication is that the pure dephasing is independent of the state of the protein. This is reasonable if the pure dephasing has major contributions from the water and the motions of small protein molecular groups.
The other components of the FFCF display quite different behavior for the native and unfolded proteins. First consider the native protein data (blue points in Figure 8 ). The dashed lines through the data points in the τ 1 , Δ 1 , and Δ s plots are horizontal. The plots in Figure 8 show that neither the FFCF decay time and its associated amplitude, τ 1 and Δ 1 , nor the static amplitude, Δ s have significant temperature dependences. These FFCF parameters are consistent with the lack of a temperature dependence of the native absorptions spectrum's line width and line shape within experimental error. It is possible to draw a slightly increasing line through the Δ 1 data and a slightly decreasing line through the Δ s data. However, given the experimental uncertainty, it is not clear that such small temperature dependences are meaningful. If there are such small changes with temperature, it means that some of the dynamics that fall outside of the experimental time window have moved into the experimental time window as the temperature is increased. This behavior would decrease Δ s and increase Δ 1 . However, the main feature of the native protein FFCF parameters is that they are essentially temperature independent except for the ultrafast fluctuations that give rise to the motionally narrowed pure dephasing.
In contrast to the native protein parameters, τ 1 , Δ 1 , and Δ s for the unfolded protein all display significant temperature dependences (see Figure 8 ). Unlike the pure dephasing line width Γ, the unfolded protein's τ 1 , Δ 1 , and Δ s are discontinuous from the values for the folded protein, which are essentially temperature independent. The unfolded protein FFCF decay time, τ 1 , decreases with increasing temperature. The corresponding amplitude, Δ 1 , increases, while the static component, Δ s , decreases with increasing temperature.
The results for the unfolded protein have a clear meaning in terms of dynamical time scales. Δ s reflects the portion of all of the protein structures that give rise to the inhomogeneous line width and have dynamics that are so slow that they are outside of the experimental time window of ∼100 ps. The decrease of Δ s means that a portion of the slow dynamics has moved into the experimental time window. Therefore, the very slow structural fluctuations of the protein are becoming faster as the temperature is increased. This change is also reflected by the increase in the value of Δ 1 with increasing temperature. As the temperature is increased, more of the protein's structural fluctuations fall within the ∼100 ps experimental time window. The fact that the structural fluctuations of the unfolded protein are becoming faster as the temperature is increased is also shown by the decrease in τ 1 . τ 1 is time constant for the decay of the FFCF, and the time scale for structural fluctuations in the experimental time window that are not so fast that they are motionally narrowed. Therefore, the temperature dependences of τ 1 , Δ 1 , and Δ s all demonstrate that as the temperature increases the structural dynamics of the unfolded protein become faster.
One possibility that would explain the increased rate of structural fluctuations with increasing temperature is that the viscosity of the solvent decreases. Detailed studies have shown that the viscosity dependence of the structural fluctuations of folded proteins as measured by vibrational echo experiments is very mild.
60, 61 The vibrational dephasing of CO bound at the active sites of heme proteins increases with decreasing viscosity approximately as η 1/3 , where η is the viscosity of the solution. Given the small change in viscosity in these experiments with temperature, one would not expect to see a viscosity dependence. 60, 61 This is demonstrated by the lack of a temperature dependence, and therefore a viscosity dependence, of the native protein's τ 1 , Δ 1 , and Δ s . However, it is possible that an unfolded protein has structural fluctuations that are influenced to a much greater extent by the change in viscosity.
To test for viscosity dependence, the solution viscosities were measured at 62 and 82°C. The viscosities of the 10 mM cyt c solutions are 1.6 cP at 62°C and 1.3 cP at 82°C. A small amount of glycerol was added to a protein solution such that at 82°C it had the same viscosity as the solution without glycerol at 62°C. The 2D IR vibrational echo experiments were then performed on the 82°C glycerol-augmented solution. The CLS decay was unchanged by the addition of glycerol to the 82°C sample. Therefore, a decrease in viscosity with increasing temperature is not responsible for the observed changes in the dynamics of the unfolded protein. Furthermore, the change in temperature itself is not responsible for the change in FFCF parameters for the unfolded state. The homogeneous pure dephasing, Γ (see Figure 8 ) is temperature dependent regardless of the state of the protein, that is, native or unfolded. However, for the other FFCF parameters, the native protein does not show temperature dependence. The data for the native protein covers a change of k B T, where k B is Boltzmann's constant, of 17%. The data for the unfolded protein spans the range of 62 to 82°C, which is a change of k B T of only 6%.
Since the viscosity and the temperature are not responsible for the observed changes going from native to unfolded, the observations must be associated with changes in the structure of the unfolded protein as the temperature is increased. The unfolded protein has a broader range of structures than the native protein as shown by the increased inhomogeneous absorption line width as discussed in Section III.A. This broader range is centered about a different average structure as demonstrated by the shift to a lower frequency of the center of the unfolded absorption band relative to the native band. At the lowest temperature at which the FFCF parameters can be determined for the unfolded protein (62°C), the unfolded protein τ 1 is slower than it is for the native protein. Thus, in the 100 ps experimental time window, the structural fluctuations of the unfolded protein are slower than those of the native protein. The unfolded protein has a broader range of structures, but the slower interconversions among these structures indicates that there are higher barriers separating distinct structures relative to the ensemble of native structures. A schematic illustration of this difference is given in Figure 9 . The unfolded protein is expected to be less ordered and rigid than the native protein. Dynamics of the unfolded protein within the experimental window may involve fluctuations of much larger groups of residues than in the native state. Interconversions among such structures evidently involve higher barriers and slower dynamics. The slowing down of the dynamics is consistent with the idea that the energy landscape becomes more rugged and varied in the unfolded state, 14, 62 which corresponds to an increase in the barrier heights separating conformational structures.
IV. CONCLUDING REMARKS
In this paper, the equilibrium structures and dynamics of the native and thermally unfolded cyt c have been examined at various temperatures by linear IR absorption and 2D IR vibrational echo spectroscopic techniques using the heme-ligated CO as the vibrational probe. The temperature dependent absorption area ratio R A (T) was defined as the ratio of the area under the unfolded band to the sum of the areas of the native and unfolded bands. The temperature dependence of R A is very similar to the temperature dependent CD data (see Figure 4) . The area ratio data display temperature dependent behavior that, by itself, is consistent with two-state unfolding. However, as the temperature is further increased, the unfolded absorption band broadens substantially, and its band center shifts to lower frequency (see Figure 5 ). The broadening is caused by increased inhomogeneous contributions to the line width that are caused by an expansion in the range of unfolded structures that comprise the unfolded ensemble.
The results of the 2D IR vibrational echo experiments, which yield the FFCF parameters (see Figure 8) , show that the native and unfolded proteins have very different dynamics. Both show a temperature dependent increase in the homogeneous component, Γ, that arises from ultrafast motions that produce a motionally narrowed Lorentzian contribution to the absorption line. Γ is so narrow at all temperatures that it has almost no influence on the absorption line shape. However, it can be measured with the 2D IR experiments. Starting at low temperature in the native state, Γ increases linearly, and continues to increase in the unfolded state, with the data points falling on the same line. These very fast fluctuations, which have contributions from small groups of the protein and the solvent, are independent of whether the protein is in its native state or unfolded.
In contrast to the homogeneous component, the other FFCF parameters, τ 1 , Δ 1 , and Δ s , are very different for the native and unfolded ensembles. τ 1 is the decay time for the FFCF component that falls within the experimental window that extends to ∼100 ps. τ 1 can be thought of as the characteristic time scale for protein structural fluctuations on the moderately fast time scale. Δ 1 is the corresponding amplitude (range of frequencies) associated with the intermediate time scale fluctuations and Δ s is the amplitude of fluctuations that are so slow (>100 ps) that they fall outside of the experimental time window. The parameters, τ 1 , Δ 1 , and Δ s for the native protein are essentially temperature independent. The lack of temperature dependence of these parameters along with the fact that the native line shape and center frequency do not change with temperature shows that the native protein structure and dynamics are basically independent of temperature over the range studied.
In contrast, τ 1 , Δ 1 , and Δ s for the unfolded protein are all temperature dependent. As the temperature is increased, τ 1 decreases (the dynamics become faster), Δ 1 increases, and Δ s decreases. The decrease in Δ s and the increase in Δ 1 shows that very slow structural fluctuations are becoming faster and moving into the experimental time window. These changes are caused by changes in the ensemble of protein structures and the barriers that determine the rates of interconversions among structures. The results suggest that the ensemble of the unfolded structures becomes more heterogeneous as unfolding proceeds, and the unfolded ensemble has a very rugged and more varied energy landscape than the native protein as schematically illustrated in Figure 9 . These results are consistent with the growing understanding of the unfolded structures of proteins, that is, as an ensemble of more diverse structures compared to the native protein. 1, 9, 38 In particular, Jimenez et al. have found similar results in horse heart ferricytochrome c, a closely related protein, using 3-pulse photon echo peak shift spectroscopy. 10 Molecular dynamics simulations of these results would be very useful. The experiments presented here can be calculated using MD simulations. Comparison between simulations and these data would provide an important test for the ability of simulations to describe structure and dynamics of proteins that are unfolded to various extents. If the simulations can come reasonably close to reproducing the observed data, then they would provide detailed molecular level insights into the nature of proteins as they become increasingly unfolded.
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